Gene targeting with genetically encoded optical voltage sensors brings the methods of voltage 17
Introduction 32
Voltage imaging holds great promise as a technique for the study of neural circuit function. By 33 generating real-time readouts of electrical activity from large numbers of interconnected neurons, voltage 34
imaging can probe the emergent properties of nervous systems (Canepari and Zecevic 2010; Cohen and 35 Salzberg 1978; Grinvald et al. 1988 ; Jin et al. 2002) . However, conventional synthetic voltage-sensitive 36 dyes stain cells with little or no specificity, forcing experimenters to contend with a superposition of 37 signals from different neuronal and glial populations. Genetically encoded optical voltage probes offer a 38 solution to this problem (Jin et al. 2010 ; Knopfel et al. 2006 ). They can be targeted to selected 39 populations of cells (Huang et al. 2010; Miyoshi and Fishell 2006) to provide information about one cell 40 type without interference from other cell types. This approach can thus overcome the lack of specificity of 41 synthetic voltage sensitive dyes. Additionally, because genetically encoded voltage sensors operate 42 through a variety of novel physical mechanisms, the genetic sensors offer an opportunity to explore 43 strategies for improving probe performance. 44
The development of genetically encoded voltage sensors has followed a number of different 45 strategies. One approach entails the incorporation of green fluorescent protein (GFP) or one of its variants 46 into a voltage sensitive membrane protein such as an ion channel in such a way that a structural transition 47
in the voltage sensing domain influences the optical properties of the fluorophore ( Recently, a new strategy for genetically encoded voltage sensors has been introduced in which microbial 55 rhodopsin was converted into a strongly electrochromic fluorescent protein. This Arch probe produces 56 high amplitude fluorescence changes but with similarly slow response times (Kralj et al. 2012 ). Another 57 class of genetically encoded voltage sensors builds on an intermolecular FRET based approach, in which 58 a synthetic fluorescent tag on the cell surface can come within range for FRET with a second fluorophore 59
within the hydrophobic core of the lipid bilayer (Gonzalez and Tsien 1995) . Because the second 60 fluorophore is charged, voltage moves it and alters its distance to the surface tag so that the fluorescence 61 emission of both molecules changes. This method has been converted into a genetically encoded voltage 62 sensor by using a membrane targeted GFP (Chanda et al. 2005) . With this hybrid voltage sensor (hVOS) 63 technique, negatively charged dipicrylamine (DPA) proved very effective as the hydrophobic charged 64 molecule. Even though DPA is not fluorescent, its absorbance spectrum overlaps the GFP emission 65 spectrum so that FRET can occur to quench GFP fluorescence when the two molecules are in close 66
proximity. DPA also has the advantage of rapidly shuttling across the membrane so that hVOS has a time 67 response of ~0.5 msec. hVOS probes have been explored systematically and optimized to produce 68 versions with a roughly 3-fold higher sensitivity and signal-to-noise ratio than the farnesyl-GFP used in 69 the original hVOS study (Wang et al. 2010 ). The best of these probes detected action potentials in parts of 70 a single cultured neuron in a single trial. 71
Genetically encoded voltage sensors have been tested in various types of cultured cells where 72 expression is easy and inexpensive. However, expressing probes in intact tissue is more difficult. 73
Furthermore, intact preparations add considerably to the background light, thus placing greater demands 74 on probe performance. A genetically encoded voltage sensor based on voltage sensitive phosphatase has 75 been expressed in intact neural circuits by in utero electroporation, but experiments with this system 76 indicated that detecting fast electrical events such as action potentials would be difficult (Akemann et al. 77 2010). The lack of tests for genetically encoded voltage sensors in intact neural circuits raises important 78
questions about whether they are ready for use in the applications for which they have been designed and 79 developed. To provide such a test, we used hVOS probes developed in this laboratory that have near 80 optimal performance (Wang et al. 2010 ) to generate transgenic mice expressing these probes in neurons. 81
These probes use cerulean fluorescent protein (CeFP) tagged at the C-terminus with a truncated h-ras 82 farnesylation motif. This probe will be referred to here as hVOS 1.5. Addition of a GAP-43 motif at the 83 N-terminus, improved performance slightly, leading to a probe referred to as hVOS 2.0. In the present 84 study we generated transgenic mice with both hVOS 1.5, and hVOS 2.0 under control of a neuron specific 85 thy-1 promoter (Feng et al. 2000) . To evaluate probe performance we used hippocampal slices, a 86 preparation widely used in neuroscience for the study of a broad range of questions relating to learning, 87 memory, and disease. Probe expression was quite strong in hippocampal slices, and electrical stimulation 88 elicited robust optical responses. These results indicate that hVOS probes in transgenic mice provide a 89 general method of imaging electrical activity from genetically defined populations of neurons in intact 90 neural networks. 91 92
Methods

93
Preparation of hippocampal slices. Precision Instruments, Sarasota, FL). Data acquisition, stimulation, and shutter were all controlled by 115
Neuroplex Software provided with the CCD-SMQ camera.
116
For imaging with the voltage sensitive fluorescent dye di-4-ANEPP-DHQ (Invitrogen, Grand 117
Island NY) slices were stained for 20 minutes in ACSF containing 7 μg/ml dye. 118
Transgenic mice.
We used two previously described hVOS probes (Wang et al. 2010), hVOS 1.5 119
(CeFP with a truncated h-ras motif at the C-terminus) and hVOS 2.0 (CeFP with the same C-terminal tag 120
and with a motif from GAP-43 at the N-terminus). DNA encoding these two probes was cloned into a 6.5 121 kb expression cassette derived from the mouse thy- injected into one-cell FVB mouse embryos and the embryos were surgically implanted into 128
Results
145
For hVOS 1.5, we identified four transgenic positive lines that expressed probe in brain and bred 146 well: lines 602, 605, 619 and 620. Three hVOS 2.0 lines were transgenic positive but only one bred well 147
and expressed the fluorescent protein strongly in brain. We report the results for the four hVOS 1.5 mice 148
and one hVOS 2.0 mouse as they are viable, breed normally, and show no obvious differences in behavior 149 from wild type mice. They all express probe in hippocampus and we first summarize the expression 150 patterns before presenting results on the imaging of electrical activity. 151
Probe expression patterns 152
Two-photon microscope images of hippocampal slices from each of the four hVOS 1.5 transgenic 153 lines reveal probe expression with distinct spatial patterns (Figs. 1A1-1A4). hVOS 2.0 expression also 154 showed a highly distinctive spatial pattern ( Fig. 1B ). In general, these expression patterns were rich in 155 detail, reflecting differences in neuronal cell types, as well as differences in the morphology and process 156 architecture of those cell types. We note the following features in probe expression. 157
Low magnification images of large areas provided an overall view of expression throughout a 158 hippocampal slice. Fluorescence in the CA1, CA2, and CA3 regions indicate that pyramidal cells in all 5 159 lines expressed probe. Slices from hVOS 1.5 lines 602 ( Fig. 1A1 ) and 620 ( Fig. 1A4 ) had a number of 160 features in common. Fluorescence was strong in the dentate gyrus (DG), especially in the inner molecular 161 layer (iml), with a sharp boundary between the iml and middle-outer molecular layer (m-oml). Slices 162 from the other two hVOS 1.5 lines, 605 ( Fig. 1A2 ) and 619 ( Fig. 1A3 ), had similar expression patterns to 163 one another and these patterns differed from those seen in lines 602 and 620. Notably, their fluorescence 164 was nearly uniform in the molecular layer with only a very faint boundary between the iml and m-oml. 165
Slices from all 4 hVOS 1.5 lines had fluorescence in the stratum lucidum (sl) which was brighter than the 166 surrounding regions. In the CA3 region, slices from hVOS l.5 line 620 displayed a distinct boundary 167
between the sr and sl-m ( Fig. 1A4 , white arrow); a fainter boundary was seen in line 602 ( Fig. 1A1 ). This 168 pattern suggests probe expression in Schaffer collaterals arising from CA3 pyramidal cells. Fluorescence 169
is fainter in the sl-m due to the absence of these axons, but this region also contains CA3 pyramidal cell 170 dendrites and the residual fluorescence we see arises from these structures. Transgenic lines 602 and 620 171 displayed especially bright fluorescence in the subiculum. This likely reflects the dense arborization of 172 CA1 pyramidal cell axons in this region (Amaral et al. 1991) , although expression in the pyramidal cells 173 of the subiculum is also possible. 174
The bright fluorescence in the iml with hVOS 1.5 lines 602 and 620 (Figs. 1A1 and 1A4) 175
suggests that these lines have strong probe expression in hilar mossy cells, as these cells form synapses on 176 dentate granule cells in a dense projection tightly confined to the iml (Amaral et al. 2007 ). In hVOS 1.5 177 lines 605 and 619 (Figs. 1A2 and 1A3), the entire molecular layer showed nearly uniform expression. The 178
absence of a distinct bright band in the iml indicates that in this transgenic line the probe does not target 179 mossy cells but is distributed uniformly in granule cell dendrites. Furthermore, the expression pattern is 180 consistent with the absence of probe in perforant path axons, which terminate in the m-oml and would 181 make these layers brighter than the iml. 182
The spatial pattern of probe expression in slices from our one hVOS 2.0 line ( Fig. 1B) broadly 183
resembled that seen in slices from hVOS 1.5 lines 602 and 620, but had stronger expression in the sl and 184
iml. However, the m-oml, stratum oriens (so), and stratum radiatum (sr), as well as the cell body layers, 185 stratum pyramidale (sp) and stratum granulosum (sg), displayed much lower probe levels than all of the 186 hVOS 1.5 lines. These features reflect a trend of preferential hVOS 2.0 expression in axons. This point 187
will be discussed further below. 188
To gauge fluorescence quantitatively, we compared the resting light intensity in 10 or more slices Slices from all 4 hVOS 1.5 lines displayed fluorescence both in the m-oml, which contains 212 granule cell dendrites, and the sl, which contains granule cell axons. Thus, expression in granule cells 213 appears to be a general feature of these lines. In addition, two lines, 602 and 620, present probe in the iml, 214
indicating expression in hilar mossy cells. Their pattern can thus be viewed as a superposition of 215 expression in both granule cells and mossy cells. The hVOS 2.0 pattern is a variation on this dual granule 216 cell/mossy cell motif, but with higher expression in axons relative to dendrites and cell bodies. 217 hVOS signals 218 In hippocampal slices from all four hVOS 1.5 lines and the hVOS 2.0 line, electrical stimulation 219 evoked clear fluorescence changes, provided that DPA was present ( Fig. 3) . We generally used 4 μM 220
DPA as this concentration provides excellent signals and produces minimal pharmacological action autofluorescence will add to the background and further reduce the magnitude of a signal in slices. Thus, 254
the amplitudes seen in a slice measurement should be smaller than those seen in cultured neurons, and the 255 ~3-fold reduction reflects a combination of these various factors. 256
It is notable that hVOS 2.0 signals are much smaller in the DG. hVOS 1.5 signals from two 257 different lines also produced weaker signals in the DG although the difference was much smaller, and in 258 the case of line 605 the difference was negligible. hVOS 1.5 signals for line 605 were significantly 259 smaller than hVOS 2.0 signals in the CA1 region ( Fig. 3D ) and significantly larger in the DG (Fig. 3E ).
260
Some of these variations in relative signal strength are likely to reflect the different subcellular locations 261 of the probe. In line 602 and 605, hVOS 1.5 is clearly expressed in the granule cell dendrites (Figs. 1A1,  262 and 1A2). By contrast, the strong hVOS 2.0 fluorescence in the DG is confined to the iml where mossy 263 cell axons are located. The better performance of hVOS 1.5 in the DG can thus be explained by the 264 greater activation of granule cell dendrites than of mossy cell axons, and the lower levels of hVOS 2.0 in 265 dendrites. 266
Pharmacological sensitivity of hVOS signals 267
Experiments with receptor antagonists established that responses evoked by electrical stimulation 268 depend on the activation of glutamate receptors for both hVOS 1.5 ( Fig. 4) and hVOS 2.0 ( Fig. 5 ). in 269 slices from hVOS 1.5 line 605 signals in the DG were reduced slightly by the NMDA receptor antagonist 270 amino-5-phosphonovaleric acid (APV; 50 μM). After APV addition responses decayed more rapidly (Fig.  271 4A), as expected from the more rapid kinetics of AMPA receptors. The remaining response was 272 essentially completely blocked by the AMPA receptor antagonist 6-nitro-2,3-dioxobenzoquinoxaline 273 sulfonamide (NBQX; 5 μM; Fig. 4A ). In the CA1 region APV blocked a larger fraction of the evoked 274 response, indicating that NMDA receptors make a greater contribution to responses in this region (Fig.  275  4B) . Again, NBQX completely blocked the residual response seen in the presence of APV. 276
In the CA1 region of slices from the hVOS 2.0 line the broad spectrum glutamate receptor 277
antagonist kynurenic acid (KA, 2 mM) blocked responses completely, except in the immediate vicinity of 278 the stimulation electrode (Fig. 5A) . Washout of KA allowed responses to recover (Fig. 5A, wash) . After 279 recovery, application of tetrodotoxin blocked responses completely, including responses in the vicinity of 280 the stimulation electrode (Fig. 5A, TTX) . This indicates that near the stimulation electrode responses seen 281
in the presence of KA depend on voltage gated Na + channels. The sequence of APV followed by NBQX 282
had the same effect in the CA1 region of slices from the hVOS 2.0 line (Fig. 5B ) as in slices from hVOS 283 1.5 line 605 (Fig. 4B) ; responses in APV decayed more rapidly and NBQX blocked the residual response. 284
Subtraction of responses in APV from pre-drug control responses revealed the response component 285 mediated by NMDA receptors, which has a slow time course characteristic of the kinetics of these 286 receptors (Fig. 5B, bottom traces) . These experiments indicate that signals detected with both hVOS 1.5 287 and 2.0 reflect excitatory synaptic activity and action potentials. 288
Comparison with di-4-ANEPP-DHQ 289
To compare hVOS signals with another voltage imaging probe we tested three widely employed ANEPP-DHQ fluorescence changes were upward (data not shown). This reversal of these signals 297
following the addition of DPA is likely the result of a FRET interaction between DPA and di-4-ANEPP-298
DHQ, similar to that described between DPA and the voltage-insensitive fluorescent dye DiO (Bradley et 299 al. 2009 ). 300
In most cases the hVOS signal amplitude and signal-to-noise ratio were clearly better than for di-301 4-ANEPP-DHQ ( Figs. 6A and 6C ). The one case where the advantage of hVOS was less clear was with 302 hVOS 1.5 line 605 (Fig. 6B ), and this probe had the weakest hVOS signal in the CA1 region ( Fig. 3D ).
303
With both hVOS 1.5 and di-4-ANEPP-DHQ, optical responses to electrical stimulation spread over 304 considerable distances, as revealed by the traces superimposed on images (left column of Fig. 6A ) and the 305 color maps of maximum response (middle column of Fig. 6A ). The spread was in the same direction with 306 both probes; the site of stimulation was in the lower right corner of the imaged region in Fig. 6A and the 307 color maps show upward spread. The area of the activated region appeared to be greater with hVOS 1.5. 308
Very similar results were seen with di-4-ANEPP-DHQ in hVOS 1.5 lines 602 and 605 as well as 309 the hVOS 2.0 line ( Figs. 6B and 6C) . Response latency showed a parallel increase with distance for both 310 the hVOS and synthetic probes. All hVOS and di-4-ANEPP-DHQ responses rose in ~ 2 msec, but the di-311 4-ANEPP-DHQ signal decayed more slowly than the hVOS signals in all three hVOS lines tested (Figs.
312
6A-6C). For all three lines, the time to decay by 37% was approximately four fold shorter for hVOS than 313
di-4-ANEPP-DHQ (Fig. 6D) for the difference between the decay times of hVOS and di-4-ANEPP-DHQ. This illustrates a benefit of 317 genetic targeting in focusing on signals arising from neurons. The presence of di-4-ANEPP-DHQ in glia 318 may also be relevant to the less extensive spread of responses which we see with this probe (color maps in 319 Fig. 6A ). 320
hVOS responses and hippocampal circuitry 321
Slices from hVOS 1.5 line 605 exhibited strong and relatively uniform fluorescence in the 322 molecular layer of the DG (Fig. 1A2) . Stimulation in the molecular layer of a slice from this line evoked 323 responses throughout the molecular layer, as indicated by traces overlain upon the slice image ( Fig. 7A ).
324
Traces from locations further from the site of stimulation show longer latencies reflecting propagation 325 through the DG circuitry (Fig. 7B) . The propagation is depicted with a sequence of color maps at 2 msec 326 intervals with signal amplitude encoded as color (Fig. 7C) . The responses were initiated at the site of 327 stimulation (site 1 in Fig. 7A ) and spread throughout the molecular layer within 10-15 msec. This result 328
recapitulates behavior observed in the DG in rat hippocampal slices stained with a synthetic dye (Jackson 329 and Scharfman 1996; Scharfman et al. 2002) . These studies showed that signal spread reflected activation 330 of perforant path axons as well as recurrent excitation mediated by hilar mossy cells. 331
Figs. 7D-7F show a similar experiment with hVOS 2.0 in the CA1 region, where fluorescence 332 was especially bright (Fig. 1C) , and the largest hVOS signals were seen (Fig. 3D ). Here we displayed 333 single trial responses obtained without averaging. Stimulation in the sr evoked responses throughout the 334 sr (Fig. 7D) , and latency increased with distance ( Fig. 7E) . A sequence of color maps showed responses 335 originating at the site of stimulation and sweeping through the CA1 region. These signals propagated 336 more rapidly than in the DG, as expected for monosynaptic responses carried by Schaffer collaterals in 337 the sr. Other sites were tested in slices from the hVOS 2.0 line. Generally, stimulation in the crest of the 338 oml generated responses throughout the molecular layer, similar to that seen with hVOS 1.5 line 605 339
(Figs. 7A-7C). Stimulation in the iml, sg, and hilar region generated local responses which did not 340
propagate as far (data not shown). 341 Fig. 7 illustrated signal spread within a given region, but it is also of interest to study signal 342 spread over larger areas and between regions. This can be accomplished by imaging responses in different 343 regions to the same stimulation. Since the microscope was on a movable platform, we could change the 344 field of view without moving the preparation or stimulation electrode. In this way we prepared a 345 composite of 4 regions encompassing the entire arc of the sp through the CA1, CA2, and CA3 regions of 346 a slice from an hVOS 2.0 animal (Figs. 8A-C). This enabled us to sample a large area while using our 347 high NA 20X objective to record high quality signals. Stimulation in the sr of the proximal CA3 region 348
(near the DG, at location 1 in Fig. 8A ) evoked responses that first appeared at the stimulation site and 349
propagated throughout the regions imaged. Fig. 8A shows the fluorescence traces superimposed on the 350 corresponding images. A color map of maximum signal intensity shows that signals attenuated as they 351 spread within the CA3 region but abruptly increased upon entering the CA1 region at the CA2 border 352 (Fig. 8B ). There was a ~17 msec latency for signal onset in the CA1 region ~700 μm away (Fig. 8C ).
353
Similar results are shown in Figs. 8D and E, for another site of stimulation. Stimulation in the sr of the 354 CA3 region, but closer to CA1 region, again generated hVOS signals that spread into the CA1 region; 355 strong signals were again seen in the CA1 region at CA2 border. This location had been identified as a 356
'hot spot' in rat hippocampal slices using synthetic voltage sensitive dye (Chang et al. 2007) . In both that 357 study and in the present work, responses in the CA2 region were very small. Maximal responses of 358 comparable amplitude were seen in both the CA3 and CA1 region at the CA2 border (Fig. 8F ). The points 359 in a plot of latency versus distance fell close to a line, indicating propagation with a constant velocity, 360
although there was more scatter in the CA2 region because with the small responses their latency could 361 not be determined accurately. The slope of the latency versus distance plot yielded a velocity of 41 362 mm/sec (Fig. 8G) . 363
Discussion
364
This study has demonstrated that hVOS probes genetically targeted to neurons in transgenic mice 365
can be used to image electrical activity in brain slices. In transgenic lines expressing two different high-366
performance probes, we were able to record clear signals arising from populations of neurons. These 367 signals depend on the presence of DPA to provide a voltage sensitive FRET interaction with the 368 membrane targeted CeFP used in both of our hVOS probes. The fluorescence changes evoked by 369 electrical stimulation had the expected dependence on excitatory synaptic receptors and voltage-gated Na + 370 channels, and spread through slices in a manner consistent with known circuitry. 371
The thy-1 promoter targets neurons and this can account for the differences between hVOS 372 signals and the synthetic dye di-4-ANEPP-DHQ (Fig. 6) , which labels cells nonspecifically so that signals 373 arise from both neurons and glia (Konnerth et al. 1987) . Specificity between neurons and glia thus points 374 the way toward more selective targeting and greater specificity of labeling and imaging. Because the 375 targeting strategy used here made use of a general neuronal promoter (thy-1), the targeted neurons and 376 their processes were closely packed so that signals from individual cells could not be resolved. Future 377 efforts will be directed toward more specific targeting strategies to produce sparser labeling. Individual 378 cells will be visible and an attempt can be made to use hVOS to study their activity. 379
Among the hVOS transgenic lines reported here, different probe expression patterns were 380
achieved. Thus, as reported previously with the thy-1.2 expression construct used here (Feng et al. 2000) , 381
lines generated with the same transgene exhibit different expression patterns. In the present study probe 382 expression was seen in granule cells and pyramidal cells in all 5 lines and in mossy cells in 3 out of 5 383
lines. Although thy-1-fluorescent protein transgenic mice exhibited an extremely wide range of 384 expression patterns (Feng et al. 2000) , the variation was across many structures. Within some structures 385 expression showed less variation. For example, 20 out of 25 lines showed expression in all motor axons, 386
and 19 out of 25 showed expression in all cerebellar mossy cells. Other cell types were labeled with lower 387
frequency. Our finding that 5 out 5 lines show dentate granule cell and hippocampal pyramidal cell 388 expression, and 3 out 5 show hilar mossy cell expression clearly falls within this spectrum. These results 389
suggest that the thy-1.2 promoter can drive expression in these 3 types of neurons from different 390 chromosomal locations. The ease of targeting mossy cells is fortunate considering how poorly understood 391 they are (Henze and Buzsaki 2007) . 392
The expression pattern of hVOS 2.0 indicates that this probe is preferentially expressed in axons 393
( Figs. 1 and 2) . Particularly strong expression was noted in the mossy fiber axons of the sl and the mossy compartments. It may seem surprising that despite the apparent preferential targeting of hVOS 2.0 to 399 axons, the signals had the kinetic and pharmacological properties of postsynaptic responses (Fig. 5 ). 400
However, activating excitatory synapses will still depolarize these cells, and axons have space constants 401 of several hundred microns, allowing somatic depolarizations to spread to axons (Christie et al. 2012 ).
402
With the present success of hVOS imaging in transgenic mice, this work demonstrates the 403 viability of studying electrical activity in genetically targeted cells in intact neural circuits. To study the 404 functions of different types of cells, mice can be generated with hVOS probes under the control of various 405 promoters, such as the glutamic acid decarboxylase (GAD) promoter to drive expression in inhibitory 406
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Transgenic Animal Facility for generating the mice used in this study. This work was funded by NIH 427 grant NS061150 and an ARRA supplement to this grant. 428 were constructed from images of multiple fields of view to illustrate overall patterns across entire slices. 432 A1. hVOS 1.5 line 602 shows high probe expression in the inner molecular layer of the dentate gyrus 433
Figure Legends
(arrow) and relatively uniform expression within the dendritic layers. Labels indicate CA1 and CA3 434 regions, dentate gyrus (DG) and subiculum (S). A2. Line 605 shows diffuse expression throughout the 435 slice, with higher expression in the stratum lucidum (arrow) A3. Line 619 has a similar expression pattern 436
as line 605 (B). A4. Line 620 has a similar expression pattern as line 602 (A1). In the CA3 region a sharp 437
border separates the brighter stratum radiatum and dimmer stratum lacunosum-moleculare (white arrow).
438
This feature is present in line 602, but is less prominent. B. Slices from the one hVOS 2.0 line showed 439 especially strong expression in the stratum lucidum (white arrow), and inner molecular layer (pink arrow). 440
As in hVOS 1.5 lines 602 and 620 a sharp border can be seen between the stratum radiatum and stratum 441 lacunosum-moleculare (light blue arrow). A1-A3 show montages of 4x4 images; A4 shows a montage of 442 5x5 images; these panels were merged with the automerge feature of Photoshop. B shows a montage of 443
four fields that left a small empty white rectangle in the center. A nylon harp was used to hold slices 444 down and its fibers are visible in panels A4 and B. C. Resting light intensities (RLI) from the CA1 region 445
and DG averaged over 10-14 slices. RLI was averaged over 250x250 μm regions in each slice. All 446 measurements were made with the same illumination intensity. *** denotes P<0.001 by the student's t-447
test. 448
Fig. 2. Cellular localization of hVOS probes.
Two-photon microscope images at higher magnification 449 than in Fig. 1 show the locations of hVOS probes in slices from hVOS 1.5 line 602 (A1-A3), hVOS 1.5 450 line 619 (B1-B3), and the hVOS 2.0 line (C1-C3). Row 1 compares the DG of these lines; row 2 451 compares the CA3 region; row 3 compares the CA1 region between the two hVOS 1.5 lines (A and B), 452 but for the hVOS 2.0 line (C3) displays the subiculum. In the DG different levels of probe expression are 453 evident in the hilus (h), stratum granulosum (sg), inner molecular layer (iml), and middle-outer molecular 454 layer (m-oml). In the CA3 region different levels of probe expression are evident in the sp, sr, sl-m, and 455 stratum lucidum (sl). Note that the stratum oriens (so), which strongly expresses probe in line 602 ( Fig.  456  1A1) is out of the plane of focus in this image. In the CA1 region probe expression is evident in the so, 457 sp, sr, and sl-m (A3 and B3). Comparing A1 and C1 shows that both transgenic lines have high probe 458
expression in the inner molecular layer (iml), and lower but significant expression in the hilus (h). hVOS 459 2.0 expression is punctate in the sl (C2) and subiculum (C3, arrows), indicative of nerve terminal 460 localization. 461 and di-4-ANEPP-DHQ for 10 or more experiments with each of the transgenic lines displayed in A-C. 509
Decay time was taken as the time to fall to 37% of the peak. All responses were from the same part of the 510 CA1 region, with 0.18 msec, 200 μA stimulation pulses.
[DPA] = 4 μM; all traces in A-C are averages of 511 10 trials. * denotes P<0.05; ** denotes P<0.01 by the student's t-test. 512 Fig. 7 . Signal spread in the dentate gyrus and CA1 region. A. The DG of a slice from hVOS 1.5 line 513 605 with hVOS traces superimposed. The slice was stimulated in the molecular layer (*). B. Traces from 514 locations indicated in A (10 trials were averaged). C. A sequence of maps with fluorescence encoded as 515 color (red strongest-purple weakest) at 2 msec intervals shows the spread of signals through the molecular 516 layer. D. The CA1 region is shown in a slice from the hVOS 2.0 line with fluorescence traces 517
superimposed. The sp is highlighted by the red curve and the stimulation electrode is faintly visible (*). 
